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HIGHLIGHTS 


►  Self-discharge  of  Zn-air  battery  was  remarkably  suppressed  by  surface  modification  of  Zn  anode. 

►  A1203  coating  is  very  effect  on  controlling  the  hydrogen  evolution  reaction  on  Zn  anode. 

►  Overpotential  for  hydrogen  evolution  was  measured  by  potentio-dynamic  polarization  analysis. 

►  A  surface-treated  Zn  electrode  shows  improved  performances  of  energy  density  and  cycle  life. 
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The  self-discharge  of  Zn  anode  material  is  identified  as  a  main  factor  that  can  limit  the  energy  density  of 
alkaline  Zn-air  batteries.  A1203  has  most  positive  effect  on  controlling  the  hydrogen  evolution  reaction 
accompanied  by  corroding  Zn  anode  among  various  additives.  The  overpotential  for  hydrogen  evolution 
is  measured  by  potentio-dynamic  polarization  analysis.  Al-oxide  with  high  overpotential  for  hydrogen 
evolution  reaction  is  uniformly  coated  on  the  surface  of  Zn  powders  via  chemical  solution  process.  The 
morphology  and  composition  of  the  surface-treated  and  pristine  Zn  powders  are  characterized  by  SEM, 
EDS,  XRD  and  XPS  analyses.  Aluminum  is  distributed  homogeneously  over  the  surface  of  modified  Zn 
powders,  indicating  uniform  coating  of  Al-oxide,  and  01s  and  A12p  spectra  further  identified  surface 
coating  layer  to  be  the  Al-oxide.  The  Al-oxide  coating  layer  can  prevent  Zn  from  exposing  to  the  KOH 
electrolyte,  resulting  in  minimizing  the  side  reactions  within  batteries.  The  0.25  wt.%  aluminum  oxide 
coated  Zn  anode  material  provides  discharging  time  of  more  than  10  h,  while  the  pristine  Zn  anode 
delivers  only  7  h  at  25  mA  cirr2.  Consequently,  a  surface-treated  Zn  electrode  can  reduce  self-discharge 
which  is  induced  by  side  reaction  such  as  H2  evolution,  resulting  in  increasing  discharge  capacity. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Zn— air  batteries,  because  of  their  high  specific  energy,  envi¬ 
ronmental  compatibility  and  low-cost  materials,  have  long  been 
considered  to  be  potentially  attractive  as  power  sources  for  mobile 
application  including  electric  vehicles  [1—6].  In  particular,  Zn— air 
battery  possesses  the  highest  specific  energy  density  compared 
with  other  Zn-based  alkaline  batteries.  This  is  mainly  due  to 
unlimited  and  free  supply  of  oxygen  from  ambient  air  which  is  not 
incorporated  within  the  cell.  The  Zn— air  cell  has  a  theoretical 
specific  energy  of  1085  Whkg  ,  based  on  the  molecular  weight  of 
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ZnO  (658  Ahkg-1)  and  the  theoretical  cell  voltage  1.65  V  [7],  The 
overall  cell  discharge  reactions  can  be  summarized  as  follows  [8], 
At  the  positive  (cathode)  electrode: 

02  +  2H20  +  4e~  — >40H~,  £°  =  0.40  V  (vs.  SHE) 

At  the  negative  (anode)  electrode: 

Zn2+  +  20H~  ->ZnO  +  H20  +  2e~,  £°  =  1.25  V  (vs.  SHE) 

Overall  cell  reaction: 

2Zn  +  02  — »2ZnO,  £°  =  1.65  V 

The  main  disadvantage  of  both  primary  and  secondary  Zn— air 
batteries  is  their  early  degradation  due  to  corrosion  of  the  Zn 
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anode  material  and  clogging  in  air  cathode  induced  by  carbonation 
of  the  KOH  electrolyte  [9],  Obviously,  Zn  has  a  more  negative 
reduction  potential  than  hydrogen,  which  spontaneously  leads  to 
evolve  hydrogen  gas  on  Zn  particle  surface  [10],  The  hydrogen 
evolution  reaction  (HER)  in  an  alkaline  battery  while  in  storage  is 
given  by  reaction  below  [8,11]. 

Zn  +  2H20— >Zn(OH)2  +  H2  T 

Therefore,  the  surface  of  Zn  is  gradually  oxidized  to  the  sub-surface 
while  a  battery  is  in  storage  at  a  state  of  partial  discharge.  This 
disadvantage  needs  to  be  solved  for  Zn  secondary  batteries  to  be 
commercialized  successfully.  Many  attempts  have  been  made  to 
suppress  hydrogen  gas  evolution.  Mercury  has  been  found  to  be  the 
most  effective  additive  for  suppressing  hydrogen  evolution  reac¬ 
tion,  but  is  prohibited  from  use  due  to  environmental  concerns 
[12,13].  As  alternative,  other  additives  such  as  metal,  metal 
compound  have  also  been  proposed  [14—17],  Bismuth  and  In  also 
increase  the  hydrogen  overpotential  of  the  Zn  anode,  are  consid¬ 
ered  as  environmentally  friendly,  and  have  replaced  Hg  and  Pb  in 
Zn  alloy  battery  powders  [14,15], 

Lee  et  al.  [15]  reported  that  alloying  Zn  metal  with  nickel  and 
indium  is  effective  in  shifting  to  more  negative  potentials  for 
hydrogen  evolution.  Zhang  et  al.  [18]  suggested  that  introducing 
metallic  bismuth  to  a  pasted  Zn  electrode  improved  the  discharge 
performance  because  of  the  formation  of  an  electronic  conductive 
material.  The  alloy  design  to  suppress  Zn  corrosion,  however,  has 
been  limited  by  intrinsic  material  properties  of  Zn,  for  example,  too 
narrow  solid-solution  region  in  Zn  element  to  alloy  with  various 
foreign  elements  and  comparatively  low  melting  temperature  of  Zn 
(m.p.  419  °C).  Therefore,  the  improvement  of  Zn  corrosion  by 
alloying  is  supposed  to  be  not  so  much  due  to  limited  choice  of 
some  elements  alloyed  with  Zn. 

In  this  paper,  the  effects  of  surface  coverage  on  Zn  corrosion  by 
metallic  oxide  coating,  instead  of  alloy  design,  will  be  investigated. 
To  get  comparable  corrosion  resistance  without  adding  mercury 
into  Zn,  it  has  been  tried  to  apply  metallic  oxide  additives  as  an 
alternative  to  mercury  to  suppress  Zn  corrosion.  Furthermore,  to 
maximize  the  effect  of  additives  on  hydrogen  overpotential,  the 
surface  of  Zn  particles  was  modified  with  nano-sized  metallic  oxide 
particles  via  chemical  solution  process.  In  addition,  the  effects  of 
the  surface  modified  Zn  electrodes  on  battery  performance  will  be 
studied  with  respect  to  electrochemical  and  phenomenological 
phenomena  to  clarify  its  effect  on  suppressing  the  hydrogen 
evolution  reaction. 

2.  Experimental  details 

2.3.  Synthesis  ofZn  powders  coated  with  metallic  oxide 

The  pure  metallic  Zn  powder  (purity>99.99%,  D5 0  =  52  pm, 
Aldrich)  as  reference  material  has  been  chosen  to  compare  the 
electrochemical  characteristics  with  modified  Zn  anode.  Addition¬ 
ally,  the  metallic  oxides  have  been  considered  as  a  coating  material 
for  surface  modification  through  chemical  solution  synthesis.  Thus, 
in  this  work,  the  metallic  oxides  such  as  AI2O3,  Bi203,  and  In203 
powders  as  various  additives  were  applied  for  Zn-based  anode.  It 
has  been  also  reported  that  some  of  metallic  oxides  had  an  influ¬ 
ence  on  shifting  hydrogen  evolution  potential  of  Zn  anode  [19]. 
Therefore,  it  is  needed  to  examine  the  effect  of  metallic  oxides  on 
the  corrosion  behavior  of  Zn  anode  to  select  the  most  preferable 
additive  prior  to  surface  modification. 

Among  these  additives,  it  has  been  found  that  the  A12C>3  showed 
the  most  favorable  performances  to  Zn  anodes.  It  will  be  discussed 
in  detail  in  Section  3.  The  Zn  powder  coated  with  0.25  wt%  of  Al203 


was  synthesized  by  sol— gel  process.  The  Al203  coating  was 
synthesized  according  to  a  following  procedure  from  appropriate 
amount  of  Al-isopropoxide  (Al(OC3H7)3  >  98%,  Aldrich)  powder 
dispersion  in  hydrous  ethanol  (95%)  with  constant  stirring  at  298  K 
for  5  h  to  get  nearly  transparent  sol  product.  Then,  the  Zn  powders 
were  added  into  the  above  dispersion  and  ultrasonificated  for  1  h.  A 
subsequent  slow  evaporation  of  the  ethanol  at  80  °C  resulted  in 
getting  dry  mass  of  Al-isopropoxide  coated  Zn  powders.  It  was  then 
heated  up  to  400  °C  at  a  heating  rate  of  5  °C  min-1  and  held  at 
400  °C  for  3  h.  The  heat  treatment  temperature  (400  °C)  was  chosen 
lower  than  melting  point  (419.5  °C)  of  pure  Zn  (>99.9%).  The 
cooling  rate  of  the  furnace  was  also  2  °C  min-1.  To  assist  in  the 
understanding  crystallization  behavior  of  the  gel  coating  on  Zn 
surface  upon  heating,  we  conducted  thermogravimetric  (TG)  and 
differential  scanning  calorimetry  (DSC)  analyses  on  Al- 
isopropoxide  powders  following  the  same  drying  and  heating 
schedule. 

2.2.  Preparation  of  Zn-based  gel  anode 

It  is  well  understood  that  the  high  surface  area  of  battery  elec¬ 
trode  is  favorable  to  kinetics  related  performances  of  battery. 
Likewise,  in  the  Zn— air  system,  the  most  practical  method  of 
improving  the  performance  of  the  Zn  anode  is  to  increase  the 
reaction  surface  area  of  the  Zn  powder  so  that  Zn  can  react  with  the 
alkaline  electrolyte  more  efficiently.  Therefore,  a  recent  approach  of 
porous  electrode  with  various  shaped  Zn  powders,  not  just  planar 
Zn  electrodes,  has  also  received  attention  [20], 

The  pasted  Zn  electrode  were  prepared  from  an  aqueous  slurry 
containing  Zn-based  powder  (or  Aluminum  oxide  coated  Zn 
powder),  traces  of  additives  (2  wt.%  of  A12C>3,  Bi2C>3,  In203)  to 
suppress  hydrogen  evolution,  and  PAA  (Poly  acrylic  acid, 
Mw  =  1,250,000  Aldrich)  as  a  gelling  agent.  The  gelling  agent  has 
immobilizing  ability,  which  is  required  to  store  aqueous  alkaline 
solution,  leading  to  minimize  the  volume  of  the  cell.  Upon  mixture 
with  solution,  the  gel  expands  into  a  loosely  bound  gel  film  and 
thus  reduces  the  amount  of  electrolyte  that  is  required  to  occupy 
a  particular  cell  volume  [21—23].  The  electrolyte  composition  was 
fixed  to  be  9  M  KOH  saturated  aqueous  solution  to  minimize 
hydrogen  evolution  reaction  [24]. 

2.3.  Material  characterization 

The  crystal  structure  of  coated  layer  by  surface  modification  was 
identified  by  the  X-ray  diffraction  method  (Siemens  D5000). 
Diffraction  patterns  were  acquired  with  nickel-filtered  Cu  Ka 
radiation  between  scattering  angles  of  15°  and  80°  in  increments  of 
4°.  The  morphology  and  size  of  the  Zn-based  particles  were 
examined  by  scanning  electron  microscopy  (SEM,  Hitachi  model  S- 
4800).  The  composition  of  coating  layer  was  confirmed  with  energy 
dispersive  X-ray  spectrometry  (EDS,  Hitachi  model  S-4800). 
Furthermore,  the  chemical  states  of  constituting  elements  in 
coating  layer  (aluminum,  and  oxygen)  were  analyzed  by  X-ray 
photoelectron  spectroscopy  instrument  (XPS,  VG  Scientific  ESCA- 
LAB  250)  with  monochromatic  Al  Ka  radiation  of  1486.6  eV. 

2.4.  Measurement  of  Zn  corrosion  rate  in  alkaline  electrolyte 

Based  on  reaction  Zn  +  2H20  — ►  Zn(OH)2  +  H2f  [8,11],  the 
corrosion  rate  could  be  derived  by  volumetric  measurement  of  the 
hydrogen  evolution  as  a  function  of  reaction  time  with  alkaline 
solution.  The  gas  collecting  apparatus  consisted  of  a  glass  vial  with 
airtight  cap  and  a  cylindrical  graduated  Teflon  tube  fed  with 
paraffin,  as  described  in  Ref.  [25].  The  volumetric  measurement  was 
performed  at  elevated  temperature  of  60  °C  to  accelerate  hydrogen 
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evolution  rate.  The  pure  Zn  powders  of  0.74  g  excluding  2  wt.% 
additives  were  packed  in  a  1.6  cm2  separator  bag,  which  was  placed 
into  a  glass  vial  filled  with  9  M  KOH.  The  vial  was  sealed  airtight  and 
connected  to  a  capillary  tube  containing  10  ml  of  paraffin.  Levels  of 
paraffin  were  monitored  during  5  h.  As  Zn  corrosion  accompanies 
with  subsequent  hydrogen  evolution,  the  paraffin  level  can  be 
interpreted  as  a  function  of  the  corrosion  rate. 

2.5.  Potentio-dynamic  polarization  experiment 

To  investigate  the  polarization  behavior  of  Zn  anode  modified 
with  different  additives,  we  have  assembled  3-electrodes  cell 
including  Zn-based  electrode  served  as  a  working  electrode,  Hg/ 
HgO  served  as  a  reference  electrode,  and  Pt  wire  served  as  a  counter 
electrode  [26].  The  potentio-dynamic  polarization  measurements 
were  performed  employing  a  computer-controlled  Solartron  1287 
electrochemical  interface.  All  the  experiments  were  carried  out  at 
room  temperature.  We  scanned  from  -200  mV  to  400  mV  at  a  scan 
rate  of  20  mV  min-1,  referring  to  open  circuit  potential  between  Zn 
working  electrode  and  Pt  counter  electrode  to  compare  the  polar¬ 
ization  degree  on  hydrogen  evolution  reaction  of  different  Zn 
anodes.  In  case  of  calculating  corrosion  current,  which  corresponds 
to  hydrogen  evolution  rate  at  equilibrium  state,  the  surface  area 
refers  to  the  apparent  surface  area  of  each  electrode. 

2.6.  Fabrication  ofZn—air  unit  cell  and  its  charge-discharge  test 

Fig.  1  shows  the  assembly  of  the  alkaline  Zn-air  cell  designed  in 
this  work.  The  cell  consists  of  rectangular  shaped  Teflon  and 
stainless  steel  (SUS316)  casing  containers,  6.5  cm  in  length  and 
5  cm  in  width,  in  which  we  assembled  the  components  of  the  cell  in 
the  order:  a  Zn-based  gel  as  an  anode  (2.07  g  of  Zn  powder, 
2.5  cm  x  2  cm  x  0.2  cm),  microporous  polypropylene  membrane  (a 
Celgard  3501  separator,  5  cm  x  3  cm  x  0.01  cm)  being  soaked  in 
a  9  M  (37  wt.%)  KOH  solution,  and  a  commercialized  carbon-based 
air  cathode  (6  cm  x  2  cm  x  0.1  cm)  that  was  sufficiently  porous  and 
permeable  to  air.  Furthermore,  an  SUS316  plate,  which  had 
a  volume  of  3.25  cm3  (6.5  cm  x  5  cm  x  0.1  cm)  with  38  small  holes 


(diameter  0.1  cm),  was  placed  next  to  the  cathode  to  allow  air 
passing  to  be  limited.  To  avoid  self-discharge  of  Zn  anode  in  contact 
with  air,  the  SUS  plate  was  kept  closed  until  the  cell  was  ready  to 
discharge.  The  alkaline  Zn— air  cell  was  charged  and  discharged  at 
an  applied  current  of  25  mA  cm-2  and  a  discharge  cut-off  voltage  of 
0.2  V  using  multi-channel  battery  tester  (Toyo  system)  at  25  °C. 

3.  Results  and  discussion 

3.3.  Corrosion  behavior  ofZn  anode  with  various  additives 

To  select  proper  additives  for  surface  modification,  we  added 
metallic  oxides  as  candidate  additives  to  pure  Zn  gel  anode  and 
then  examined  the  corrosion  rate  during  exposing  to  air  atmo¬ 
sphere.  Fig.  2  shows  the  volumetric  amount  of  hydrogen  spon¬ 
taneously  evolved  from  Zn  gel  with  various  additives  immersed 
in  9  M  KOH  during  5  h  at  elevated  temperature  of  60  °C.  The 
volumetric  measurement  was  intentionally  performed  at  elevated 
temperature  to  highlight  each  additive’s  effect  on  hydrogen 
evolution  reaction.  The  pure  Zn  gel  anode  has  highest  H2  evolu¬ 
tion  rate,  comparing  with  other  modified  Zn  gel  anodes  with 
additives.  It  is  obvious  that  the  metallic  oxide,  in  itself,  plays 
a  role  in  retarding  the  spontaneous  corrosion  reaction 
(Zn  +  2H20  — >  Zn(OH)2  +  H2T)  of  pure  Zn  gel  anode  immersed  in 
saturated  alkaline  solution. 

3.2.  Potentio-dynamic  polarization  behavior  ofZn  anode  with 
various  additives 

To  clarify  the  effect  of  additives  on  H2  evolution  behavior,  it  is 
observed  that  the  polarization  behavior  of  each  Zn-based  gel  anode 
using  three  electrode’s  cell  to  evaluate  the  overpotential  for  spon¬ 
taneous  H2  evolution  reaction.  Fig.  3  shows  the  bi-directional 
potentio-dynamic  polarization  curves  of  Zn-based  gel  anode  in 
9  M  KOH  electrolyte.  The  electrochemical  parameters  (corrosion 
potential,  corrosion  current  density)  derived  from  Fig.  3  are 
summarized  in  Table  1.  Generally,  the  modern  theory  of  metallic 
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Fig.  1.  Assembly  diagram  and  component  images  of  unit  type  Zn-air  battery  for 
evaluation. 


Fig.  2.  Volumetric  measurement  of  hydrogen  spontaneously  evolved  on  the  surface  of 
Zn  gel  anode  at  60  °C. 
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log(I,  Acm'2) 


Fig.  3.  potentio-dynamic  polarization  curves  of  Zn  gel  anodes  with  various  additives  in 
9  M  KOH  electrolyte  at  a  scan  rate  of  20  mV  s  1  at  room  temperature. 


corrosion  in  aqueous  electrolyte  is  based  on  electrode  kinetics.  For 
the  corrosion  system  consisted  of  a  cathodic  reaction  and  an  anodic 
reaction,  the  application  of  the  Butler— Volmer  equation  [27,28]  and 
the  mixed  potential  theory  [29]  results  in  the  basic  kinetic 
equation: 


t^corr{exp[2-303^£-)]-exP[-2303^c-£-)]}  (1) 

where  £  is  the  scanned  potential  applied  to  polarize  the  corrosion 
system;  i  is  the  external  current  density  to  the  corresponding 
overpotential;  £corr  and  icorr  are  the  corrosion  potential  and  corro¬ 
sion  current  density,  respectively;  bc  and  ba  are  the  cathodic  and 
anodic  Tafel  slope,  respectively.  When  E  is  far  away  from  £Corr.  Eq. 
(1)  obeys  the  Tafel  law  [30] : 

E  =  a±b  log  |i|  (2) 

where  a  is  a  constant,  b  equals  to  bc  or  £>a.  Eq.  (2)  indicates  that  the 
logarithm  of  the  external  current  density  varies  linearly  with  the 
potential  at  high  overpotential.  The  corrosion  current  density  can 
be  determined  by  extrapolating  the  straight  line  of  £  vs  log  jij  back 
to  the  corrosion  potential.  In  Fig.  3,  however,  it  can  be  seen  that  the 
polarization  curves  obtained  at  the  initial  stage  of  the  potentio- 
dynamic  scan  do  not  show  the  linear  behavior.  This  is  caused  by 
the  strong  disturbance  of  another  kind  of  charging  current  [31]. 
Thus,  for  the  polarization  curves,  the  potential  range  of  the  cathodic 
and  anodic  branches  was  selected  to  perform  the  linear  fitting.  In  all 


Table  1 

Electrochemical  parameters  of  Zn  anodes  modified  with  various  additives  derived 
from  potentio-dynamic  polarization  curves  in  9  M  KOH  electrolyte. 


Zn  anodes 

Corrosion  potential 
(Ecorr:  V  vs.  Hg/HgO) 

Corrosion  current  density 
(/corr:  pA  cm-2) 

Pure  Zn 

-1.398 

512.5 

AI2O3  mixed  Zn 

-1.422 

423.6 

Bi203  mixed  Zn 

-1.413 

477.8 

ln203  mixed  Zn 

-1.422 

473.3 

A1203  coated  Zn 

-1.431 

91.4 

cases,  the  equations  fit  the  experimental  curves  well,  with 
R2  >  0.99,  which  indicates  that  the  polarization  curves  show  good 
linearity  in  the  selected  potential  range. 

The  corrosion  potential  (£COrr)  was  slightly  shifted  to  a  negative 
potential  and  corrosion  current  density  (/cor r)  was  decreased  in  case 
of  applying  metal  oxide  additives  into  Zn  gel  anode.  To  understand 
electrochemical  effects  on  anodic  behavior  of  various  additives 
addition  to  the  Zn  electrode,  it  can  be  also  seen  that  when  the 
potential  was  scanned  from£COrrto  -1.2  V  (vs.  HgO/Hg),  the  additives 
have  little  influences  on  anodic  behavior  of  Zn  gel  anode.  On  the 
other  hand,  the  cathodic  behavior  of  Zn  gel  anode,  which  is  mainly 
related  with  hydrogen  evolution  reaction,  has  been  much  affected  by 
additives  while  scanned  from  £corr  to  -1.60  V  (vs.  Hg/HgO).  For  each 
metallic  oxide  added  Zn  gel  anode,  its  overpotential  at  a  fixed  current 
density  (e.g.,  0.01  A  citT2)  was  higher  than  that  of  a  pure  Zn  gel  anode 
as  shown  in  Fig.  3.  Considering  £cor r,  and  /corr.  AI2O3  mixed  Zn  gel 
anode  shows  the  most  favorable  characteristics  among  the  others, 
which  is  in  accordance  with  hydrogen  evolution  behavior  and 
corrosion  rate  of  Zn-based  anode  with  various  additives. 

3.3.  Phenomenological  analyses  on  corroded  Zn  surface  after 
storage 

Based  on  corrosion  reaction  of  Zn,  the  thickness  of  Zn  oxide  film 
in  alkaline  aqueous  solution  can  be  expected  to  increase  in 
proportion  to  the  amount  of  hydrogen  gas  as  measured  in  above 
results.  Thus,  we  conducted  SEM  and  EDS  analyses  on  Zn  anode 
surface  to  identify  the  oxidation  degree  of  Zn  anode  after  storage 
for  5  h.  The  quantitative  analysis  on  oxygen  concentration  in  the 
sub-surface  region  ( ~  several  pm  orders)  was  conducted  by  EDS  for 
different  Zn  anodes  after  immersing  in  9  M  KOH  electrolyte  for  5  h. 
The  oxygen  concentration  of  pure  Zn  anode  (~0.8  at.%)  after 
storage  considerably  increased  up  to  ~12.3  at.%,  compared  with 
that  of  as-prepared  Zn  anode.  It  also  showed  the  higher  value  than 
that  (3.8— 9.0  at.%)  of  Zn  anodes  with  additives  (Fig.  4).  From  this 
result,  it  is  confirmed  that  the  surface  oxidation  of  Zn  anode  can  be 
considered  as  corrosion  by-product,  while  accompanying  H2 
evolution  during  storage.  Eventually,  since  the  surface  oxidation  of 
Zn  means  the  loss  of  active  material  involved  in  electrochemical 
work,  the  degree  of  self-discharge  can  be  evaluated  by  only 
measuring  the  amount  of  hydrogen  evolved  from  Zn  surface  during 
storing  in  alkaline  electrolyte. 


Fig.  4.  SEM  images  and  EDS  analyses  for  (a)  as-prepared  Zn  anode  surface  before 
immersion  in  9  M  KOH  electrolyte,  and  Zn  anode  surface  with  (b)  no  additive,  (c)  AI2O3, 
(d)  Bi203,  (e)  ln203  additives  after  immersion  in  9  M  KOH  electrolyte  for  5  h. 
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3.4.  Synthesis  of  Al-oxide  coated  Zn  powder 

In  general,  it  is  well  understood  that  the  surface  modification  is 
required  to  prevent  from  exposing  to  corrosive  media  by  coating 
inert  material.  Therefore,  we  tried  to  modify  Zn  surface  by  AI2O3 
coating  layer  among  additives  to  retard  H2  evolution  reaction  rate. 
As  described  in  experimental  details,  we  have  pure  Zn  powder 
chosen  as  a  starting  material,  which  was  compared  with  the 
performances  of  modified  Zn  anode.  The  Al-oxide  coated  Zn  was 
prepared  by  chemical  solution  process  using  Al-isopropoxide  as  an 
Al  precursor.  In  order  to  determine  proper  temperature  for  heat 
treatment  of  hydrolyzed  Al-isopropoxide  dispersed  Zn,  we  had 
thermal  analysis  (TGA-DSC)  during  heating  at  a  scan  rate  of 
10  °C  min  .  under  Ar  atmosphere.  The  TG  and  DSC  of  the  gel  were 
carried  out  at  a  heating  rate  of  10  °C  min-1  up  to  800  °C,  in  Ar 
atmosphere  (Fig.  5A).  DSC  analysis  was  used  to  identify  the  solvent 
evaporation  steps  in  the  temperature  range  of  25—400  °C.  In  the 
temperature  range  from  25  °C  to  300  °C,  the  DSC  curve  shows  two 
endothermic  peaks  at  142.5  °C  and  295.7  °C  corresponding  to  the 
volatilization  of  absorbed  water  on  the  grain  surface,  isopropanol 
and  solvent  component,  respectively.  The  second  major  weight  loss 
that  occurs  in  the  temperature  range  from  250  °C  to  350  °C  is  due  to 
the  pyrolysis  of  the  organic  groups  (exothermic  peak).  Therefore, 
the  decomposition  of  organic  material  in  Al-isopropoxide  was  ex¬ 
pected  to  be  almost  finished  at  400  °C.  It  is  believed  that  the 
thermal  energy  of  400  °C  is  considered  to  be  enough  to  decompose 
Al-isopropoxide,  resulting  in  Al-oxide  layer  on  the  Zn  surface. 
Therefore,  the  heat  treatment  temperature  was  chosen  to  be 
400  °C,  considering  low  melting  temperature  ( ~420  °C)  of  pure  Zn. 
The  XRD  analysis  was  conducted  to  clarify  the  crystal  structure  of  Al 
compound  produced  by  heat  treatment  at  400  °C.  The  XRD  patterns 
are  in  good  agreement  with  the  standard  data  for  the  pure  phase  of 
AI2O3  with  low  crystallinity  prepared  by  hydrolyzing  aluminum 
alkoxides,  as  shown  in  Fig.  5B. 

3.5.  Phenomenological  characterization  of  Al-oxide  coated  Zn 
powder 

To  identify  the  uniformity  of  AI2O3  coating  on  Zn  powder,  we 
carried  out  the  EDS  mapping  on  constituting  elements  of  AI2O3 
coated  Zn  powder.  We  could  observe  that  the  sub-micron  sized 


AI2O3  particles  were  uniformly  coated  on  Zn  surface  by  Al  EDS 
mapping  analysis  (Fig.  6A).  To  further  clarify  the  chemical  state  of 
Al-based  compound,  the  XPS  analysis  was  performed  and  the 
results  are  presented  in  Fig.  6B.  The  A12p  (75.6  eV)  could  be 
confirmed  to  be  AI2O3,  which  might  be  assigned  by  mixed  poly¬ 
morph  forms  of  A1203  [32].  Additionally,  the  Ols  peaks  could  be 
separated  by  two  peaks  (530.3  eV,  and  531.9  eV),  which  can  be 
assigned  to  be  Al— O,  Al— OH  and  Zn— O,  referring  to  XPS  analysis 
data  on  both  types  of  synthetic  Al-oxide  and  native  Zn  oxide. 
Especially,  the  duplicate  assigns  for  Al— OH  and  Zn— O  chemical 
bindings  could  be  considered  for  Ols  peak  (531.9  eV).  Conse¬ 
quently,  based  on  the  above  results,  we  could  identify  the  synthetic 
AI2O3  coating  layer  to  be  formed  on  the  Zn  anode  surface  by 
modification  using  Al-isopropoxide  via  chemical  solution  process 
and  heat  treatment. 

3.6.  Electrochemical  characterization  of  Al-oxide  coated  Zn  powder 

In  general,  the  demand  on  suppressing  hydrogen  evolution  is 
crucial  for  both  primary  and  secondary  Zn— air  batteries.  The  rate  of 
hydrogen  evolution  reaction  (HER)  mainly  depends  on  the  over¬ 
potential  of  corresponding  reaction  on  Zn  anode  surface.  To  eval¬ 
uate  the  effect  of  surface  modification  on  electrochemical 
performances  of  Zn  anode,  first  of  all,  we  compared  the  potentio- 
dynamic  polarization  behaviors  between  pure  Zn,  AI2O3  mixed 
Zn,  and  AI2O3  coated  Zn. 

We  identified  that  the  £Corr  was  significantly  shift  to  lower 
potential,  and  /corr  was  much  decreased  by  AI2O3  coating  on  Zn, 
indicating  higher  overpotential  for  H2  evolution  reaction  than  that 
of  bare  Zn  and  AI2O3  mixed  Zn,  as  shown  in  Fig.  7A  and  Table  1. 
Thus,  it  is  believed  that  the  surface  coating  can  be  more  effective 
way  to  suppress  the  H2  evolution  reaction  than  just  adding  metallic 
oxide  powder  into  electrode.  In  order  to  clarify  the  coating  effect  on 
HER,  the  hydrogen  gas  volume  evolved  from  the  as-prepared  AI2O3 
coated  Zn  particles  were  measured  by  a  volumetric  method.  Fig.  7B 
shows  the  measurement  results  of  hydrogen  evolution  volume 
during  storage  in  9  M  KOH  electrolyte  at  60  °C.  We  could  observe 
a  significant  difference  in  HER  behavior  between  the  bare  and  AI2O3 
coated  Zn  anodes.  It  is  evident  that  Zn  corrosion  was  quite  intensive 
without  the  use  of  any  additive  and  the  volume  of  hydrogen 
evolution  was  approximately  two  times  higher  than  for  the  optimal 


Fig.  5.  (A)  DSC  and  TG  analyses  for  Al-isoporpoxide  at  a  scan  rate  of  10°C  min  Under  Ar  atmosphere.  (B)  X-ray  diffraction  pattern  of  heat  treated  Al-isoporopoxide  at  400  °C  for  3  h 
under  Ar  atmosphere. 
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Fig.  6.  (A)  SEM  and  Al,  Zn,  and  0  energy  dispersive  spectrascopy  (EDS)  mapping  images  for  AI2O3  coated  Zn  particle.  (B)  XPS  spetra  (A12p,  01s)  on  the  surface  of  AI2O3  coated  Zn 
particle. 


coating  composition  of  0.25  wt.%  AI2O3  coated  Zn  powders.  The 
remarkable  effect  of  suppressing  HER  by  AI2O3  coating  on  Zn 
powders  was  due  to  the  fact  that  the  surface  of  the  Zn  particles  was 
protected  by  the  AI2O3  layer  which  provided  a  passivation  layer  to 
prevent  direct  contact  of  Zn  with  the  electrolyte. 

3.7.  Evaluation  ofZn—air  unit  cell  applying  Al-oxide  coated  Zn 
powder 

Furthermore,  to  examine  the  practical  effect  on  cell  perfor¬ 
mances  by  applying  the  AI2O3  coated  Zn,  we  fabricated  the  unit  cell 
applying  the  bare  Zn,  commercialized  Zn  alloy,  and  AI2O3  coated  Zn 


as  Zn  gel  anodes,  and  carbon  supported  electrode  as  an  air  cathode, 
as  described  in  Fig.  1.  We  have  chosen  the  commercialized  Zn 
alloy  (Zn— Bi(100  ppm)— In(200  ppm)— Al(65  ppm)),  which  has 
been  designed  for  suppressing  H2  evolution,  as  an  anode  material  of 
Zn— air  battery  for  miniature  hearing  aids.  The  energy  density  of 
Zn— air  rechargeable  battery  mainly  depends  on  utilization  effi¬ 
ciency  of  Zn  anode  material  in  alkaline  electrolyte.  The  Zn  fuel  in 
anode  cannot  be  fully  utilized  by  oxidation  of  metallic  Zn,  while 
spontaneously  evolving  hydrogen  gas  on  Zn  surface  in  basic  alka¬ 
line  solution.  To  increase  the  discharge  efficiency  of  Zn  anode,  the 
spontaneous  self-discharge  of  Zn  anode  should  be  retarded  to  be  as 
low  as  possible. 
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Fig.  7.  (A)  Comparison  of  volumetric  amount  of  hydrogen  spontaneously  evolved  on  the  surface  of  bare  Zn,  AI2O3  mixed  Zn,  and  AI2O3  coated  Zn  gel  anodes  at  60  °C.  (B)  Comparison 
of  potentio-dynamic  polarization  curves  of  bare  Zn,  A1203  mixed  Zn  and  A1203  coated  Zn  anode  in  9  M  KOH  electrolyte  at  a  scan  rate  of  20  mV  s-1  at  room  temperature. 
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Fig.  8.  (A)  Comparison  of  discharge  curves  among  bare  Zn,  commercialized  Zn  alloy,  and  A1203  coated  Zn  anode  in  9  M  KOH  electrolyte  at  room  temperature.  (B)  Comparison  of 
cyclic  durability  among  bare  Zn,  commercialized  Zn  alloy,  and  AI2O3  coated  Zn  anodes  during  electrochemical  cycling  in  9  M  KOH  electrolyte  at  room  temperature. 


We  can  measure  the  utilization  efficiency  of  active  material  in 
Zn  anode  when  the  unit  cell  is  discharged  at  a  constant  current  of 
25  mA  cuT2.  As  shown  in  Fig.  8A,  the  AI2O3  coated  Zn  showed  the 
longer  discharge  time  than  pure  Zn  and  commercialized  Zn  alloy 
anodes,  which  means  the  improved  sustainability  of  Zn  anode  due 
to  suppression  of  H2  evolution.  It  is  well  explained  that  the  control 
of  spontaneous  H2  evolution  is  closely  related  with  Zn  oxidation, 
resulting  in  being  inactive  material  for  electrochemical  discharge. 
Moreover,  the  electrical  chargeability  of  different  Zn  anodes  was 
measured  at  a  current  density  of  10  mA  cm  'under  with  limited 
capacity  cut-off  condition.  Similarly,  the  discharge  capacity  of  bare 
Zn  and  commercialized  Zn  alloy  anodes  abruptly  goes  down  to 
almost  zero  capacity  at  much  earlier  cycle  number  as  shown  in 
Fig.  8B.  On  the  contrary,  it  is  observed  that  the  discharge  capacity  of 
AI2O3  coated  Zn  anode  is  maintained  during  longer  cycle.  Many 
reasons  for  cyclic  degradation  of  Zn  anode  during  electrochemical 
cycling  have  been  suggested.  In  particular,  the  dendrite  growth  of 
Zn  anodes  resulting  from  the  high  solubility  of  Zn-based  discharge 
products  in  the  alkaline  electrolyte  was  one  of  the  main  reasons 
responsible  for  the  short  cycle  life.  One  effective  way  to  solve  this 
problem  was  to  suppress  the  solubility  of  Zn-based  discharge 
product  by  forming  passivation  layer  on  the  Zn  surface  [26].  The 
improved  cyclic  behavior  of  AI2O3  coated  Zn  anode  might  be 


interpreted  by  above  similar  reasons.  Therefore,  based  on  various 
characterization  of  surface  modified  Zn  anode  material,  it  can  be 
confirmed  that  the  AI2O3  coated  Zn  is  very  potential  as  mercury- 
free  anode  material  of  next  generation  Zn— air  battery  for  trans¬ 
portation  and  energy  storage. 

4.  Conclusion 

Metallic  oxides  have  been  also  found  to  suppress  the  hydrogen 
evolution  of  Zn  anode  during  storage  in  alkaline  electrolyte, 
comparable  to  metal  additives  suggested  up  to  now.  Aluminum 
oxide  has  most  effective  ability  against  self-discharge  spontane¬ 
ously  occurred  under  air  atmosphere  among  various  additives 
studied  in  this  work.  To  further  pronounce  the  positive  effect  on  H2 
evolution  reaction,  technical  approach  such  as  surface  coating  has 
been  also  extensively  investigated.  The  enhanced  discharge  effi¬ 
ciency  can  be  explained  by  the  formation  of  a  thin  oxide  coating 
layer  on  the  surface  of  bare  Zn  particles  that  can  prevent  Zn  from 
directly  exposing  to  the  KOH  electrolyte  and  minimize  the  spon¬ 
taneous  side  reactions  such  as  hydrogen  evolution  within  the 
batteries.  Furthermore,  the  electrochemically  cyclic  behavior  of  the 
Zn  anode  has  been  also  remarkably  enhanced  by  AI2O3  coating  on 
the  Zn  surface.  Consequently,  it  can  be  suggested  that  the  AI2O3 
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coated  Zn  is  very  promising  as  mercury-free  anode  material  for  Zn- 
air  battery  with  higher  energy  density. 
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